Clostridium stercorarium F-9 pectate lyase Pel9A is a modular enzyme composed of two hypothetical family-9 catalytic modules of the polysaccharide lyases, CM9-1 and CM9-2, in order from the N terminus. In this study, we constructed and characterized CM9-1 and CM9-2 polypeptides as rCM9-1 and rCM9-2 respectively. Both of them, like the full-length Pel9A, required the Ca 2þ ion for their enzyme activities and showed high activity toward polygalacturonic acid but lower activity toward pectin. The specific activity of rCM9-2 was three times higher than that of rCM9-1 and rCM9-2 by itself efficiently catalyzed the depolymerization reaction of polygalacturonic acid into monosaccharide as the major product. It was found that rCM9-1 and rCM9-2 adsorbed to polygalacturonic acid and pectin on native affinity PAGE analysis, suggesting that they contain an independent carbohydrate-binding module separable from a catalytic module or consist of a catalytic module with a binding affinity for pectic substrates.
Pectin, a component of primary cell walls and the middle lamellae of higher plant cells, is a heteropolysaccharide composed of -1,4-linked galacturonate chains highly substituted with methanol residues. Therefore, pectin can be degraded by the cooperative action of two types of pectinolytic enzymes, viz., methylesterases and depolymerases including hydrolases and lyases. Pectate lyase (pectate transeliminase, EC 4.2.2.2) catalyzes a reaction of eliminative cleavage of (1 ! 4)--Dgalacturonan to give oligosaccharides with 4,5-unsaturated galactose residues at their non-reducing ends. 1) Since pectate lyases play a critical role in soft rot disease, many pectate lyases and their genes have been studied from plant pathogenic microorganisms such as Erwinia carotovora, Erwinia chrysanthemi, and Erwinia carotovora.
2) Furthermore, pectin-degrading enzymes are widely used in the industrial processing of fruits and vegetables in order to decrease the viscosity of juices and thus to facilitate extraction, maceration, liquefaction, filtration, and clarification processes. 3) Pectate lyase and other polysaccharide lyases are now classified into 15 families according to their primary amino acid sequences (http://afmb.cnrs-mrs.fr/CAZY/ index.html). 4) Pectate lyases are found in families 1, 2, 3, 9, and 10, family 1, the largest family of pectate lyases, contains enzymes from bacteria, fungi, and plants; families 3 and 9 include bacterial and fungal enzymes; families 2 and 10 include bacterial enzymes only.
Thermophilic pectate lyases appear to have an advantage over mesophilic enzymes in strength and stability of enzymatic activity for industrial use. Clostridium stercorarium is a thermophilic anaerobe capable of fermenting various kinds of polysaccharides such as xylan and pectin. 5) We cloned several genes encoding xylanase [6] [7] [8] and -xylosidase 9,10) from this organism and characterized their gene products. Recently, we cloned and sequenced the pel9A gene encoding a thermophilic pectate lyase from this bacterium and found that the gene product Pel9A was a modular enzyme composed of two family-9 catalytic modules of polysaccharide lyases, CM9-1 and CM9-2, in order from the N terminus. 11) Sequence identity between CM9-1 and CM9-2 was low (21.3%), and CM9-1 contained two direct repeats each of about 110 amino acids that showed moderate sequence similarity with a region of endo--N-acetylglucosaminidase (NagD) of Steptococcus pneumoniae.
12) Although we confirmed that the fulllength Pel9A expressed in Escherichia coli had pectate lyase activity, we did not characterize the enzymatic properties of each hypothetical module, CM9-1 and CM9-2. In this paper, we separately expressed the respective modules as recombinant enzymes and characterized them by assaying their enzyme activities and binding affinities.
Materials and Methods
Bacterial strain and plasmids. E. coli M15 (pREP4) was used as a host for derivatives of plasmid pQE-60T.
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Construction of plasmids pSSL-2 and pSSL-3. Plasmids pSSL-2 and pSSL-3, producing a recombinant CM9-1 polypeptide (rCM9-1) and a recombinant CM9-2 polypeptide (rCM9-2) respectively ( Fig. 1) , were constructed as follows: A DNA fragment encoding the CM9-1 region was amplified by PCR from pSSL-1 as the template using primers pel743Nco, 5
0 -GGCCCC-ATGGTAGCTGAAGAAGCAGAGGCAATGC-3 0 and pel2320Bg, 5 0 -GGCCAGATCTCACTGTTACCTTGA-GGGTTATCGG-3 0 , where the NcoI and BglII sequences are underlined. The amplified DNA fragment was digested with NcoI and BglII and cloned between the same restriction sites of pQE-60T to generate pSSL-2. Plasmid pSSL-3 was constructed by a similar method, except that primers pel2300Nco, 5 0 -GGCCCC-ATGGTAACCCTCAAGGTAACAGTGAGGG-3 0 and pel4390Bg, 5 0 -GGCCAGATCTTTTTATGCTTTTTAT-TTTTGAAATAAG-3 0 were used.
Purification of rCM9-1 and rCM9-2. E. coli M15 harboring plasmid pSSL-2 or pSSL-3 was cultivated at 37 C in 1 liter of LB medium containing ampicillin (50 mg/ml) and kanamycin (50 mg/ml) to mid-log phase (absorbance at 600 nm, 0.6) and the production of the enzyme was induced by the addition of isopropylthiogalactopyranoside (final concentration, 1 mM). After an additional incubation of 3 h, cells were harvested, resuspended in 50 ml of 20 mM Tris-HCl buffer (pH 8.0), and disrupted by ultrasonication. After centrifugation at 14;000 Â g, the supernatant was subjected to HiTrap Chelating HP (Amersham,) and Resource Q (Amersham, Tokyo, Japan) column chromatographies for purification. The recombinant enzymes thus obtained were treated with thrombin proteinase and the enzyme molecules were separated from the six-His tag polypeptide by a second HiTrap Chelating HP column chromatography. The purity of each fraction was determined by SDS-polyacrylamide gel electrophoresis (PAGE).
14)
The protein concentration was determined with bovine serum albumin as the standard using the Micro BCA Protein Assay Reagent Kit (Pierce, Rockford, Ill.). Purification of the recombinant Pel9A (rPel9A) was described previously.
Enzyme assays. Pectate lyase activity was determined with polygalacturonic acid (Sigma, Tokyo, Japan) as the substrate at 60 C unless otherwise stated, as described previously.
11) One unit of enzymatic activity was defined as the amount of enzyme that liberates 1 mmol unsaturated oligogalacturonides per min under the above conditions. Citrus pectins with different degrees of methyl esterification (35, 65, and 89%, Sigma) and apple pectin (Sigma) were also used for enzyme assays under the conditions described above.
Thin layer chromatography (TLC). Oligogalacturonates [galacturonic acid (G1), digalacturonic acid (G2), and trigalacturonic acid (G3)] were purchased from Sigma. Hydrolysis products were separated by TLC on a silica gel 60-plastic sheet (Merck, Tokyo, Japan) with a solvent of 1-butanol-water-acetic acid (5:3:2), and the oligosaccharides were visualized by spraying the plate with phosphomolybdic acid.
15)
Native affinity PAGE. The affinity of rCM9-1 and rCM9-2 for polygalacturonic acid and pectin was examined by native affinity PAGE, as described elsewhere.
16)

Results and Discussion
Construction and purification of rCM9-1 and rCM9-2 C. stercorarium Pel9A is a modular enzyme composed of two family-9 catalytic modules of polysaccharide lyases, CM9-1 and CM9-2, in order from the N terminus.
11) rCM9-1 and rCM9-2 are recombinant polypeptides composed of CM9-1 and CM9-2 respectively, and rPel9A is the full-length enzyme devoid of the N-terminal signal peptide (Fig. 1 ). These proteins were purified from cell-free extracts of E. coli harboring one of pSSL-1, pSSL-2, and pSSL-3 by HiTrap chelating and Resource Q column chromatographies. The respective proteins purified from E. coli gave a nearly single band on a gel of SDS-PAGE, and their sizes were in good agreement with the molecular weights deduced from DNA sequences, viz., 133,297, 58,513, and 76,383 for rPel9A, rCM9-1, and rCM9-2 respectively (Fig. 2) .
Comparison of enzymatic properties of rPel9A, rCM9-1, and rCM9-2
The specific activities of the purified rPel9A, rCM9-1, and rCM9-2 were determined to be 58, 10 and 30 U/mg respectively when their enzyme activities were assayed with polygalacturonic acid as the substrate in the Recombinant Derivatives. Two reiterated modules classified in family 9 of polysaccharide lyases are depicted in the same pattern. SP, signal peptide. rCM9-1 and rCM9-2 polypeptides contained 527 amino acid residues from position 25 to 551, and 696 amino acid residues from position 545 to 1240 of Pel9A (DDBJ accession no. AB106865) respectively. presence of 0.05 mM CaCl 2 at 60 C, pH 7.0. This indicates that the N-terminal moiety of Pel9A, CM9-1 and CM9-2 have a transeliminase activity toward polygalacturonic acid although CM9-1 is less homologous to CM9-2 and other family-9 pectate lyases, and contains repeated sequences that are also conserved in -N-acetylglucosaminidase NagD of S. pneumoniae.
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On the other hand, rCM9-1 was not active toward 4-methylumbelliferyl -D-N-acetylglucosamine, suggesting that it does not have -N-acetylglucosaminidase activity. The specific activity of rCM9-1 was lower than that of rCM9-2. If the two catalytic modules CM9-1 and CM9-2 function independently, the specific activity of rPel9 consisting of two catalytic modules should be about a half of the sum of specific activities of rCM9-1 and rCM9-2. In fact, however, the value of the former (58 U/mg) was larger than half the sum of the specific activities of rCM9-1 and rCM9-2 (20 U/mg). There are several possibilities that can explain this phenomenon. When the respective module polypeptides are produced in E. coli, they might not be correctly folded and if so, their specific activities are lowered. Alternatively, there might be intramolecular synergistic action between two family-9 modules in the full-length Pel9A. The concept of intramolecular synergism was described by Riedel and Bronnenmeier. 17) They found that a chimeric protein composed of a family-9 catalytic module of the glycoside hydrolases with endoglucanase activity and a family-48 catalytic module with cellobiohydrolase activity had cellulolytic activity about two-fold higher than the activity of the mixture of two module polypeptides, and they concluded that the enhanced cellulolytic activity of the multienzyme resulted from intramolecular synergism of the fusion partners. 17) In the case of Pel9A, two reiterated catalytic modules might attack the substrate in a synergistic manner.
The effects of pH and temperature on the activities of rPel9A, rCM9-1, and rCM9-2 were compared using polygalacturonic acid as the substrate. All the enzymes showed similar pH-and temperature-activity profiles: they were found to be most active around pH 7.0 and at
65
C. The enzymes were stable upon 10-min incubation at 70 C at neutral pHs in the absence of the substrate, and their activities did not decrease after incubation at 4 C for 12 h in a pH range from 3 to 10 in Britton and Robinson's buffer solutions (50 mM phosphoric acid-50 mM boric acid-50 mM acetic acid; the pH was adjusted to 2 to 12 with 1 N NaOH).
Since pectate lyases generally require calcium ions for their activity, the requirement of metal ions was examined for the activities of rPel9A, rCM9-1, and rCM9-2, that is, their activities were assayed in the presence of MgCl 2 , FeCl 2 , CoCl 2 , NiCl 2 , NaCl, and KCl (0.1 mM each). As expected, CaCl 2 strongly activated all these enzymes, but the other salts showed no effect or an inhibitory effect on their activities (data not shown). As shown in Fig. 3 , optimal activities of rPel9A, rCM9-1, and rCM9-2 were observed at 0.05, 0.02, and 0.1 mM of CaCl 2 respectively, although these enzymes were more or less activated throughout a range of CaCl 2 concentrations from 0.01 to 0.2 mM. An optimal CaCl 2 concentration of rPel9A was observed between those of rCM9-1 and rCM9-2. The concentrations of CaCl 2 for their maximal activities (0.02 to 0.1 mM) were comparable with the optimal concentrations for Clostridium cellulovorans PelA (0.05 mM) 18) and for Pseudomonas cellulosa Pel10A (2 mM). 19) On the other hand, the addition of 0.2 mM EDTA inhibited their activities to less than 5% of maximum. Therefore, the calcium ion appears to be absolutely necessary for their activities.
rPel9A and the truncated derivatives showed maximum activities on polygalacturonic acid and lower activities on apple pectin and citrus pectin with different extents of methylation. As shown in Fig. 4 , as the percentage of methylation in pectin became higher, their activities became lower, e.g., their activity toward 89%-methylated pectin were less than 5% of that toward polygalacturonic acid. The influence of Ca 2þ on the enzymatic activity of rPel9A (open bar), rCM9-1 (closed bar) and rCM9-2 (striped bar) was tested by using various concentrations of CaCl 2 in 50 mM Tris-HCl (pH 8.0) and 0.1% polygalacturonic acid. A calcium ion requirement was confirmed by the addition of 0.2 mM EDTA.
Depolymerization of polygalacturonic acid and pectin by rPel9A and rCM9-2 was monitored by TLC analysis. As shown in Fig. 5 , the full-length enzyme and also rCM9-2 cleaved the substrates to produce monosaccharide as the principal product. This is in contrast to the observation that C. cellulovorans PelA produced several oligosaccharides, such as digalacturonic acid and trigalacturonic acid, but no monogalacturonic acid at all from polygalacturonic acid.
Binding affinity of rCM9-1 and rCM9-2 for polygalacturonic acid and pectin Many glycoside hydrolases are known to consist of the combination of a catalytic module and a carbohydrate-binding module (CBM), although some enzymes contain two catalytic modules, such as Pel9A. Clostridium thermocellum modular cellulase CelJ contains at least a CBM in addition to two catalytic modules belonging to different families of the glycoside hydrolases. 20) We anticipated the presence of CBM(s), in Pel9A although homology searches in DNA and protein databases such as DDBJ did not show the presence of a CBM classified in known CBM families. Hence, we subjected rCM9-1 and rCM9-2 to native affinity PAGE analysis to examine qualitatively their affinity for pectic substrates. As shown in Fig. 6 , migration of all rCM9-1 and rCM9-2 was retarded in gels containing polygalacturonic acid and pectin as compared with a control gel without a polysaccharide. These observations show that rCM9-1 and rCM9-2 have strong affinity for both polygalacturonic acid and pectin, although their affinities for polygalacturonic acid appear to be stronger than those for pectin. Stronger affinity for polygalacturonic acid than for pectin is consistent with their substrate specificities with a preference of polygalacturonic acid to pectin. In this study, we did not identify a CBM region in each catalytic module polypeptide. It is not clear at present whether rCM9-1 and rCM9-2 are composed of a catalytic module and an independent CBM, or whither rCM9-1 and rCM9-2 themselves are inseparable catalytic modules with an ability to bind to pectic polymers. Although the usual catalytic modules separated from adjacent CBMs show no affinity for polysaccharides even in highly-sensitive native affinity PAGE analysis, some exceptions are known, e.g., a single module thermophilic xylanase was reported to bind to insoluble xylanase via surface aromatic clusters. 21) A similar phenomenon was observed in a small xylanase from alkaliphilic Bacillus sp. 22) CBMs are now classified into 43 families on the basis of amino acid sequence similarity (http://afmb.cnrs-mrs.fr/CAZY/ index.html).
4) Although P. cellulosa Pel10A has been reported to contain a family-2 CBM, its binding specificity was not examined. 20) To our knowledge, there is no report describing a CBM having an affinity for polygalacturonic acid and/or pectin. It would be interesting to determine the presence or absence of a CBM in N-and C-terminal moieties of Pel9A.
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PG Pn PG Pn PG Pn rPel9A 9-1 9-2 Standards The standards were galacturonic acid (G1), digalacturonic acid (G2), trigalacturonic acid (G3), polygalacturonic acid (PG), and pectin (Pn). PG or Pn was incubated overnight with rPel9A, rCM9-1 (9-1), or rCM9-2 (9-2) at 60 C and hydrolysis products were analyzed by TLC as described in ''Materials and Methods.'' 1 2 3 1 2 3 1 2 3
A B C Fig. 6 . Adsorption of rCBM9-1 and rCBM9-2 to Soluble Polysaccharides.
The affinities of rCBM9-1 and rCBM9-2 for polygalacturonic acid (B) and apple pectin (C) were examined by native affinity PAGE. A gel without a polysaccharide served as a reference (A). Lane 1, bovine serum albumin; lane 2, rCBM9-1; lane 3, rCBM9-2.
